Background Human genetic factors are important determinants of malaria risk. We investigated associations between multiple candidate polymorphisms-many related to the structure or function of red blood cells-and risk for severe Plasmodium falciparum malaria and its specific phenotypes, including cerebral malaria, severe malaria anaemia, and respiratory distress.
malaria episodes cause high levels of childhood anaemia and undernutrition in malaria-endemic areas, whereas severe malaria-including severe malarial anaemia, cerebral malaria, and respiratory distress-is associated with high acute mortality. 1 Malaria has had a major effect on the human genome through selection of polymorphisms associated with improved survival. 2 Some of these polymorphisms include the classic red-blood-cell variants sickle-cell trait and α + -thalassaemia. However, protection against malaria might also be afforded by other polymorphisms. 3 Here, we describe the effect of a wide range of key genetic candidates-most of which relate to the structure and function of red blood cells-on risk for severe childhood malaria in the population of Kilifi in Kenya. The aim of our study was to verify the importance of specific candidates that could provide insights into the pathophysiology of severe malaria and that might be plausibly used to underpin the development of new approaches to prevention and treatment of this debilitating disease.
Methods

Study design and participants
Our study was set in Kilifi County on the coast of Kenya. 4 We investigated the effect of a range of candidate genes on risk for severe falciparum malaria, using a casecontrol approach.
We included as cases children (aged <14 years) who presented to hospital with clinical features of severe malaria [5] [6] [7] and were subsequently admitted to the highdependency ward of Kilifi County Hospital. We excluded children who presented before or after the recruitment dates and those without specific features of severe malaria. We focused our study on children, because in the context of most countries within sub-Saharan Africa, severe malaria is almost exclusively restricted to childhood. 1 We categorised cases into the major pheno types of cerebral malaria, respiratory distress, severe malarial anaemia, and other severe malaria (which included clinical evidence of prostration, hypoglycaemia and hyperparasitaemia), as described elsewhere. [5] [6] [7] We also classified cases based on their inpatient survival status. We used these categories on the basis that they are either associated with the highest rates of mortality 7 or that they would probably have been associated with high mortality in the pretreatment era and, as such, have been strong drivers of Darwinian selection.
We included as controls infants (aged 3-12 months) who were born within the same study area as cases and who were recruits to a cohort study investigating genetic susceptibility to a range of childhood diseases. 8 We recruited roughly two controls for every case-a ratio we arrived at for pragmatic reasons.
Individual written informed consent was provided by the parents of all study participants. Ethics approval for
Research in context
Evidence before this study We searched PubMed between Jan 1, 1960, and May 30, 2018, with the terms ("malaria" AND "case-control"), ("malaria" AND "ATP2B4"), ("malaria" AND "FREM3"), and "Dantu". We did not restrict our search by language. We supplemented our search with a review of reference lists within papers identified by our search and those from our personal records. Our search retrieved six papers containing data for malaria and ATP2B4 (four case-control studies, one population genetic study, and one review article), two relevant papers relating to malaria and FREM3 (one case-control study and one molecular genetic study), and one laboratory-based functional study relating to malaria and the rare blood group antigen Dantu. Although previous studies have highlighted associations between polymorphisms in ATP2B4 and FREM3 and malaria risk, they have lacked detail about the precise clinical effects of these polymorphisms. Moreover, previous studies have not confirmed that the association between FREM3 and severe malaria is accounted for by close chromosomal linkage to the rare blood group antigen Dantu.
Added value of this study
We report the results of a large case-control study (n=6193) of severe Plasmodium falciparum malaria, undertaken in a carefully phenotyped population. We have described the effects of both ATP2B4 and Dantu on specific phenotypes of severe malaria, on parasite densities during malaria episodes, on haematological indices, and on death during hospital admission. Moreover, in all participants we genotyped 121 polymorphisms in 70 candidate genes and could put associations into context with other candidate genes and quantify their overall effect on disease susceptibility. Presence of the Dantu mutation was associated with reductions in risk for severe malaria overall-43% among heterozygotes and 74% among homozygotes. Protection was equal for all forms of severe malaria and Dantu also protected against malaria-related death. Similarly, ATP2B4 was strongly protective against all forms of severe malaria but, moreover, was associated with lower parasite densities.
Implications of all the available evidence
Both the Dantu and ATP2B4 polymorphisms affect the membrane of red blood cells, which is the main target of malaria infection in human beings, yet the haematological outcomes of these polymorphisms remain unknown. In the case of the Plasmodium vivax form of human malaria, discovery of a strong protective association between negativity for the red cell blood group Duffy antigen has led directly to design of a promising vaccine. Discovering the mechanisms by which ATP2B4 and Dantu protect against severe P falciparum malaria offers similar potential for drug and vaccine development in the future. the study was granted by the Kenya Medical Research Institute and the National Ethical Review Committee in Nairobi, Kenya (SCC1192) and the Oxford Tropical Ethical Review Committee in Oxford, UK (020-06).
Procedures
We investigated the association between severe malaria and 129 single nucleotide polymorphisms (SNPs) plus one 3·7 kb deletion in 70 gene regions that had been identified as candidates through previous studies 9 (appendix pp 2-4). We did genotyping with the Sequenom MassARRAY iPLEX platform (Agena Biosciences, Hamburg, Germany; 9 appendix pp 5, 6), using DNA extracted by proprietary methods (ABI PRISM, Applied Biosystems, Foster City, CA, USA; Qiagen DNA Blood Mini Kit, Qiagen, Crawley, UK) from fresh or frozen samples of whole blood obtained from participants. We genotyped samples for the common African form of α + -thalassaemia (3·7 kb deletion in HBA1 and HBA2 [-α³ · ⁷-thalassaemia]) by PCR, as described previously, 10, 11 and we used a BlpI restriction fragment length polymorphism assay (Thermo Fisher Scientific, Waltham, MA, USA) to type for the rare Dantu blood group antigen polymorphism (known as DUP4, a duplication copy number variant), as described previously.
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Outcomes
The primary outcome was the association between specific genetic polymorphisms and risk of severe P falciparum malaria both overall and in terms of specific phenotypes, expressed as odds ratios (ORs) for their frequency in cases compared with healthy uninfected controls. Secondary outcomes included associations between polymorphisms and inpatient mortality, and between polymorphisms and P falciparum parasite densities among severe malaria cases, as judged from peripheral blood smears.
Statistical analysis
We ascertained the sample size for this study pragmatically, as the number of children presenting to Kilifi County Hospital during the study period who were eligible for inclusion as cases. We included roughly two controls for every case to maximise power. We did all analyses using R.
Of the 130 polymorphisms assayed, we removed nine before analysis after standard quality-control procedures. We removed eight SNPs because they were monomorphic and therefore non-contributory to the analysis
, and rs79691057], and RHOG [rs138826089]) and one SNP was removed because more than 10% of genotypes were missing (PLEKHG1 [rs144224092]), making genotype calls unreliable (appendix pp 2-4). All remaining polymor ph isms passed a test for HardyWeinberg equilibrium in the control sample using a threshold of p<0·0001 (this threshold includes a Bonferroni correction for the number of polymorphisms included in this study). Thus, 121 polymorphisms were analysed.
We calculated odds ratios (ORs) for associations of polymorphisms with risk for severe malaria and its major phenotypes, and for disease outcomes in terms of mortality, by comparing allele and genotype frequencies among cases and controls, using a fixed-effects logisticregression model. We adjusted analyses for the confounding effects of genetic background (using selfreported ethnic origin) and the rs334 polymorphism in HBB. rs334 causes both sickle-cell trait and sickle-cell disease, which are major potential confounders in the interpretation of such analyses. Gender is also a known (albeit small) risk factor for malaria, both at a genetic level and at a sociocultural level; therefore, we used gender as a covariate in the autosomal polymorphism analyses. We did not look specifically at the effect of individual ethnic groups in Kilifi because of space and power considerations. In our primary analysis of severe malaria phenotypes, we allowed individual cases to be included more than once if they manifested more than one phenotype of severe malaria. In secondary analyses, we classified individuals uniquely based on relative mortality, using the hierarchy of cerebral malaria, severe malarial anaemia, respiratory distress, and other forms of severe malaria. For X-chromosome polymorphisms, we did analyses both overall and for each gender separately, based on our previous observations with the X-chromosome gene G6PD, in which we noted opposing effects in males and females that were undetectable in combined analyses. 13 In all our analyses, we used a standard meta-analytical approach that utilised fixed effects (inverse-variance weighting) to account for unequal variance. 14 We tested for associations between polymorphisms and risk for severe malaria using a range of different genetic models of inheritance (including additive, dominant, heterozygous, hemizygous, and recessive) and selected those that were most significant for each polymorphism. However, we analysed the SNP rs8176719 under a recessive model only, because this model was the only one that allowed us to test for an association between severe malaria and blood group O. Doing more than one statistical test can lead to an increased chance of false-positives. We, therefore, used an appropriate significance cutoff (p<0·005), which accounted for the simulated distribution of potential p values, by permuting (randomly reassigning) the case or control status 1000 times using the SNPassoc package in R. We then used the lower bound of the 95% CI of the resulting p-value distribution (p≤0·005) as our significance level for all further analyses. 15 We adjusted p values for gender, ethnic group, and rs334 genotype. Moreover, because epistasis has been reported between several malaria resistance polymorphisms, 16 we also used a likelihood
For more on R see http://www.r-project.org ratio approach 11 to test for pairwise interactions between polymorphisms in autosomal chromosomes for which we identified significant associations with severe malaria in our primary analyses.
We assessed the proportion of the total variance in the overall risk of developing severe malaria at least once before the age of 14 years within Kilifi County that could be accounted for both by individual polymorphisms and overall. We analysed data on the raw (binomial), logit-transformed and probit-transformed scales under generalised linear models using the glm function in the stats package in R, with fixed effects for gender, ethnic group, and the genetic marker or set of markers (appendix pp 26, 27) . We calculated estimates of the proportion of the total explained variation (variance) using R² statistics for analyses on the raw scale and McFadden's pseudo-R² statistic when analysed on the transformed scale. We post-adjusted McFadden's pseudo-R² statistic to the underlying disease liability scale, which we assumed to be normally distributed, using the method described by Lee and colleagues. 17 This approach adjusts for dependency between variances of binomial traits on disease prevalence, thereby enabling comparisons of estimates between populations and studies. Since case-control studies have higher proportions of cases than in the general population (in our study, roughly 20 times higher), we adjusted variance estimates to reflect those in the general population, 17 based on a designated lifetime prevalence of severe malaria in children younger than 14 years in the general population of 2·15% and the ratio of cases to controls (9:16). We calculated linkage disequilibrium using the genetics package in R.
Role of the funding source
The funders had no role in study design, data collection, data analysis, data interpretation, or writing of the report. CMN, MM, KAR, and TNW had access to raw data. The corresponding author had full access to all data in the study and had final responsibility for the decision to submit for publication. Other severe malaria (n=436) 
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Figure 2: Distribution of p values for association tests with severe malaria phenotypes
The minimum p value (-log 10 [p]) for every polymorphism across the models is shown. We adjusted p values for gender, ethnic group, and rs334 genotype. The dashed vertical line represents the significance threshold of p<0·005, which was determined by permutation testing. The polymorphisms tested are listed in chromosomal order (appendix pp 2-4). figure 1) .
The results of association analyses between severe malaria overall and all the polymorphisms under investigation are summarised in figure 2 and in the appendix (pp 7-16). Significant associations were found with severe malaria overall-or with at least one of its pheno types-for polymorphisms in 15 of 70 genes investigated. The genes and locations were ABO, ATP2B4, ARL14, CD40LG, FREM3, INPP4B, G6PD, HBA (both HBA 1 and HBA2), HBB, IL10, LPHN2 (also known as ADGRL2), LOC727982, RPS6KL1, CAND1, and GNAS for autosomalrelated (table 2) and X-chromosome-related (table 3) polymorphisms. Data pertaining to the polymorphisms in CAND1 and GNAS are presented in the appendix (pp 7-16). Analyses done in terms of genotypic groups are summarised in the appendix (p 17). Associations seemed mostly to be additive and pronounced in homo zygotes. However, exceptions included G6PD and RPS6KL1, for which opposite effects were seen in hetero zygous and homozygous children, and IL10, for which protection was restricted to homozygotes.
As anticipated, the strongest association with risk of severe malaria was with rs334 in HBB, which leads to the sickle-cell trait (adjusted OR 0·15, 95% CI 0·11-0·20; p=2·61 × 10 -⁵⁸), with similar effect sizes for all three major severe malaria phenotypes ( OR 0·74, 95% CI 0·66-0·72; p=6·26 × 10 -⁸), rs8176746 in ABO (identifying blood group B; 1·38, 95% CI 1·22-1·50; p=2·38 × 10 -⁷), and a 3·7 kb deletion in HBA (-α³ · ⁷-thalassaemia; 0·83, 0·76-0·90; p=2·06 × 10 -⁶). Further polymorphisms associated with severe malaria were noted for rs1541255 in ATP2B4 (adjusted OR 0·76, 95% CI 0·63-0·92; p=0·001) and rs186873296 located in an intergenic region between FREM3 and GYPE (0·64, 0·53-0·79; p=3·18 × 10 -¹⁴). rs186873296 between FREM3 and GYPE was associated with similar levels of protection against all three major phenotypes of severe malaria and protected against inpatient mortality ( Data are from models that were most significant. Individuals with multiple phenotypes are included in each of those phenotype groups for analysis. Analyses were run on males and females separately and combined, using standard meta-analysis techniques. het=heterozygous. hom=homozygous. OR=odds ratio. SNP=single nucleotide polymorphism. *Statistical models were additive (A), heterozygous (H), hemizygous male (HM), or recessive (R). †Adjusted for ethnic group, gender, and rs334 genotype. Because some individuals with more than one phenotype for severe malaria were included in more than one analysis group, analyses were also done in which individuals were only included in single analytical groups (appendix pp [18] [19] [20] [21] [22] [23] 30) . On visual inspection and comparison, these analyses were largely concordant with our overall analyses. To exclude the possibility of epistasis between individual malaria-associated genes, which holds the potential for concealing true associations in overall analyses, pairwise analyses were done to test for genegene interactions between the most significant polymorphisms (appendix pp 24, 31) . The smallest p value we found (p=0·02) was between polymorphisms in HBB (rs334) and HBA loci, which result in sickle-cell trait or sickle-cell disease and in -α³ · ⁷-thalassaemia, respectively. This analysis showed evidence of a negative interaction between sickle-cell trait and -α³ · ⁷-thalassaemia through which the protective effects of each polymorphism inherited independently seemed to be lost when both were inherited together (appendix pp 24, 32).
The effect of polymorphisms associated with risk for severe malaria on other variables of severe malariaincluding parasite densities (the number of parasites in circulation, assessed by visually counting parasites on peripheral blood films) or haematological indices-was also investigated. Three significant associations were noted between candidate polymorphisms and malaria parasite densities (table 4) . Parasitaemia was significantly lower among cases with severe malaria and sickle-cell trait compared with those with severe malaria and normal haemoglobin (p=3·66 × 10 -⁶), among homozygotes for the derived allele (GG) at rs1541255 of ATP2B4 compared with homozygotes for the ancestral allele (AA; p=0·04), and among children with blood group O compared with non-blood group O cases (p=0·02). Significant associations were also noted between polymorphisms and haematological indices (appendix p 25). Haemoglobin concentrations and red-blood-cell counts were significantly higher in children with sicklecell trait and significantly lower in those with sickle-cell disease compared with children with normal haemoglobin, whereas haemoglobin concen trations were higher in children with the rs186873296 SNP in FREM3 homozygous for the derived allele (GG) compared with those homozygous for the ancestral allele (AA; appendix p 25).
The proportion of variance in the risk of severe malaria that could be accounted for by genetic polymorphisms and other factors was estimated, and 5·2% of the total variance in the overall risk of severe malaria was accounted for by polymorphisms in 12 genes: HBB, FREM3, ABO, HBA (HBA1 and HBA2), ATP2B4, LOC727982, ARL14,  IL10, RPS6KL1, LPHN2 (ADGRL2), INPP4B, and EMR1  (appendix p 34) . Inheritance of sickle-cell trait at HBB (rs334) accounted alone for 2·9% of the total variance, FREM3 (rs186873296) for 0·6%, and the remaining ten genes had a combined total of 1·7% (appendix pp 26, 27) . Ethnic origin contributed to 1·9% of the total variance in
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Parasite density per µL p value* the risk of contracting severe malaria and accounted for less than 10% of the variance from any of the individual genes. Gender contributed only 0·009% of the total variance in the risk of severe malaria. Thus, 93% of the variance in the overall risk observed could not be accounted for in our model. The inheritance of polymorphisms in FREM3 and INPP4B were in high linkage disequilibrium (appendix p 33); each constituted a proportion of the variance attributable to the other, accounting for the lower variances for these polymorphisms individually when combined in one model (appendix pp 26, 27).
Discussion
We found significant associations between risk for severe malaria and polymorphisms in 15 genes. Although data for some of these genes have been reported previously, 11 our analysis includes new candidates that have been identified from subsequent genome-wide association studies 9, 12 and provides additional data about the relations between specific polymorphisms and a range of clinical and laboratory phenotypes among severe malaria cases (eg, malaria parasite densities and haematological indices). Of note, most of the significant associations were linked to genes that have a role in red-blood-cell phenotype or function, the haematological outcomes for some of which remain largely undocumented.
In keeping with the epidemiological setting of our study site, within an area of relatively low P falciparum transmission, cerebral malaria accounted for the largest proportion of severe malaria cases and was associated with the highest mortality. 18 However, we also recorded considerable overlap in the phenotypic presentation of severe malaria. This observation, which accords with those of previous studies, 19 made it difficult for us to detect syndrome-specific effects, and is a weakness of our case-control approach. Moreover, we confirmed the strong protective advantage against severe malaria of several well established candidate polymorphisms, including inherited red-blood-cell characteristics resulting in sickle-cell trait, G6PD deficiency, and blood group O. The relations between these polymorphisms and various forms of clinical malaria have been discussed previously. 20 Although we also confirmed the long-recognised protective genetic advantage of -α³ · ⁷-thalass aemia against severe malaria, by contrast with previous reports, 21 we noted that protection was not restricted to severe malaria anaemia but was seen equally against all other phenotypes of severe malaria. This finding is most likely accounted for by the limited statistical power of earlier reports, 21 emphasising the need for caution when interpreting the results of smaller studies.
Our study confirms the relevance of associations between severe malaria and several genes that have been described previously. ATP2B4 on chromosome 1 encodes for PMCA4, the main red-blood-cell calcium (Ca² + ) pump. 22 On the basis of studies conducted in vitro, variant forms of ATP2B4 have been shown to affect platelet and endothelial function. 23 Other genes of interest relate to the glycophorin molecules, which have long been recognised as receptors for red-blood-cell invasion by P falciparum merozoites. 24 In the case of GYPA, red-blood-cell invasion is mediated through its specific interaction with Duffy binding like (DBL) domains on the P falciparum merozoite surface protein EBA-175, 25 but some strains of P falciparum parasites can also invade through pathways that involve interactions between other glycophorin molecules and a range of alternative merozoite ligands. 26 Mutant forms of these glycophorin molecules could, therefore, be attractive targets for drug and vaccine development.
A significant association signal of ATP2B4 was first identified in a genome-wide association case-control study of severe malaria undertaken in Ghana, and replicated in subsequent severe malaria case-control studies. 20 However, to the best of our knowledge, the haematological and wider health outcomes of this polymorphism, and its association with risk for specific phenotypes of severe malaria, were not known previously. The polymorphism rs1541255 in ATP2B4 was common in our study population, with an allele frequency of 33% among controls, consistent with selection through a survival advantage against malaria. Association signals detected within ATP2B4 in case-control studies of severe malaria undertaken to date might reflect their linkage disequilibrium with a functional mutation in the promoter region of ATP2B4 that results in reduced expression of red-blood-cell PMCA4 and, as a result, in reduced red-blood-cell Ca² + extrusion. 27 In view of the central role that Ca² + has in the physiology of P falciparum red-blood-cell invasion, 28 it is noteworthy that homozygosity at rs1541255 was one of the few genotypes to be associated with reduced parasite densities in our study. Ca² + is also important in both clumping of P falciparuminfected red blood cells and in their sequestration to the vascular endothelium, both of which could lead to severe and complicated malaria through the occlusion of blood vessels in essential tissues, including the brain. 29 As such, several plausible explanations could account for how mutations in ATP2B4 might be relevant to protection against severe malaria that could potentially be exploited for development of therapeutic agents. Further studies are being done to confirm the precise mutation within ATP2B4 that is associated with malaria protection and describing its effects both on tissue-specific PMCA4 structure and function and on malaria-specific pathophysiological processes.
A second association, previously identified in a genomewide association study of severe malaria that included a subset of data and samples in our study, 9, 12 was seen at SNP rs186873296 in FREM3. The rs186873296 association tags a haplotype for the neighbouring region comprising GYPA, GYPB, and GYPE 9 and, in particular, a hybrid gene comprising GYPA and GYPB, which encodes a blood antigen known as Dantu. 12 Instead of expressing normal GYPA and GYPB molecules, people with Dantu produce a hybrid molecule that consists of the extracellular domain of GYPB and the transmembrane plus intra cellular domains of GYPA. 30 In our extended sample set of severe malaria cases from Kenya, we found that the rs186873296 FREM3 polymorphism correlated closely with the polymorphism that is specific to Dantu. 12 A second associ ation signal, at INPP4B within the same gene region, seemed to also account for its close chromosomal proximity and strong linkage disequilibrium with Dantu. This finding supports the conclusion that the statistical association between severe malaria risk and SNPs in both FREM3-a gene of unknown biological relevance-and INPP4B are not in themselves causal with respect to malaria susceptibility but rather their associations might be accounted for by their close linkage disequilibrium with Dantu, which could most plausibly provide a malaria-protective mechanism on the basis of biological theory. Never theless, by contrast with sickle-cell trait, ATP2B4, and blood group O, we saw no discernible effect of rs186873296 on parasite densities in severe malaria cases within our study.
On the one hand, although the Dantu polymorphism does not seem to offer protection by reducing red-bloodcell parasite invasion, the absence of any apparent effect on parasite densities might simply show that patients have severe malaria, and does not exclude the possibility that the malaria-protective effect of Dantu might be restricted to red-blood-cell invasion via a glycophorinspecific pathway by a subset of P falciparum parasites. On the other hand, the mechanism by which Dantu protects against severe malaria might not be mediated by reduced parasite invasion at all, but instead relate to the pathophysiology of malaria more broadly. Further work will be needed to elucidate the mechanisms definitively.
Comparative genetic analysis of chimpanzees and human beings has shown that the GYPA, GYPB, and GYPE loci lie in an area of the genome that has characteristics of ancient balancing selection. 12 Thus, Dantu might also be under balancing selection, in which its positive selection by malarial disease might be balanced by negative selection from a biological disadvantage yet to be discovered. As such, it will also be important to ascertain whether homozygosity for Dantu is associated with any negative outcomes.
The associations between sickle-cell trait and homozygosity for rs186873296 in FREM3 and haematological indices among severe malaria cases are noteworthy. The most likely reason for the high haemoglobin concentrations in cases with both these genotypes is that such children are protected from all forms of clinical malaria that result cumulatively in higher levels of anaemia in children without these protective polymorphisms. Although this protection is well recognised for sickle-cell trait, 21 further studies will be needed to show that this is also true for FREM3. Moreover, the lower mean red-blood-cell volume and higher red-blood-cell count that we observed in sickle-cell trait cases is consistent with the findings from a previous study conducted in the same population. 31 How the remaining polymorphisms described both here and in previous studies can be exploited for therapeutic advantage, in terms of their associations with the overall risk of severe malaria, remains unclear. For example, in agreement with previous studies, 32, 33 we found that polymorphisms in CD40LG were associated with a significantly increased risk of severe malaria, but by contrast with findings of a case-control study of severe childhood malaria in Tanzania, 20 we found no evidence that this association was specific to a phenotype of severe malaria. The absence of an association between CD40LG and a specific phenotype of severe malaria in our current study presumably reflects the greater power of our study relative to earlier studies, because small studies are prone to false-positive findings as a result of statistical chance. Likewise, although significant associations were seen between severe malaria and polymorphisms in seven additional genes (IL10, LPHN2 [ADGRL2], LOC727982, ARL14, RPS6KL1, CAND1, and GNAS), without further data their potential for translation remains elusive.
Despite strong associations between severe malaria and several candidate polymorphisms, our analyses suggest that together they only accounted for a small proportion (5·2%) of the total variance in risk for contracting severe malaria in Kilifi County overall, only a quarter of the overall heritability attributed in an earlier study. 3 Perhaps additional genetic associations remain to be discovered, our modelling approach was inadequate, or the proportion of variance that we attributed to heritability in our previous study was overestimated by the verbally reported pedigree-based method that we used, 3 because of confounding between families and household-related environmental factors that were not captured completely by fitting both these terms in our model. The low variance attributable to genes with strong individual protective effects might be caused partly by the low population frequencies of some of these alleles. For example, the rs334 mutation in HBB contributes only 2·9% to the total variance in risk for severe malaria despite its large effect size because protection is only afforded to a small proportion (about 15%) of the population.
In a previous study, 32 a higher proportion of variance was accounted for by both HBB (6·3%) and other polymorphisms compared with the proportions we reported in our study. However, the estimates in that previous study were not adjusted for the ascertainment bias that will have resulted from the study's case-control design. It is also not clear whether the earlier estimates were generated on the observed or underlying liability scale, resulting in bias from the overall prevalence. These failures to account for prevalence and study design in previous studies highlight the need to apply the adjustments we made to compare heritability estimates across populations validly.
In conclusion, in accordance with findings of previous studies, we report that the strongest protective genetic associations against severe malaria all relate consistently to polymorphisms that affect the structure or function of red blood cells. As a result, some polymorphisms have been selected to very high levels. For example, almost two-thirds of the population in our study area were affected by -α³ · ⁷-thalassaemia, and large proportions of the population are affected by other polymorphisms, many of which have unknown haematological implications. Moreover, because such polymorphisms are so common, many children inherit more than one, with outcomes that-in most cases-are even less well understood. It will be important to better understand the mechanisms by which these red-blood-cell conditions protect against severe malaria, along with their broader haematological outcomes. Future research should determine how malaria-protective mechanisms might be emulated to uncover potential new approaches to the prevention and treatment of severe malaria.
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